energy systems consisting of a photoelectrochemical watersplitting unit, fuel cell, and Zn-air battery for renewable generation of clean electricity from sunlight and water, [21] the air-pollution intrinsically associated with fossil-based fuels was successfully removed. [22] Furthermore, C-MFC green catalysts have also been demonstrated to be effective for advanced oxidation processes to remove organics from water, while reducing the cost for water purification and avoiding cross-contamination by eliminating the release of heavy metals/metal ions from metalbased catalysts. [23, 24] Herein, we review the progress of the research and development of C-MFCs in supercapacitors and batteries for clean energy conversion and storage as well as in air/water treatment for environmental remediation. The related mechanistic understanding of C-MFCs and the design principles of metal-free catalysts are also presented, along with the challenges and perspectives in this emerging field.
Advantages of C-MFCs for Energy Storage and Environmental Remediation

Supercapacitors
Supercapacitors are a class of electrochemical devices capable of storing and releasing energy rapidly and reversibly, which can be classified into two groups: EDLCs and pseudocapacitors (Figure 1a ). [25, 26] In an EDLC, energy storage is achieved by electrostatic charge accumulation at the electrode/electrolyte interfaces, and hence the capacitance depends on the specific surface area (SSA) and porosity of the electrodes. [26] Although porous electrodes with an optimized surface structure can be used in an EDLC, its applications are somewhat limited by the relatively low energy density intrinsically associated with the electrostatic interactions when compared with a redox reaction.
Conversely, pseudocapacitors store energy through Faradaic processes via rapid redox reaction(s), leading to a higher capacitance. [26, 27] Attractive electrode materials reported for pseudocapacitors include conducting polymers (e.g., polyaniline) and transition metal oxides or hydroxides with high theoretical capacitances and intrinsically fast and reversible redox reactions. [5] Although significant progress has been achieved in the development of stable pseudocapacitors with metal-based electrodes, [28, 29] the low electrical conductivities of conducting polymers and oxides (or hydroxides) inhibit a fast electron transport in most of the cases, and suffer from lower working voltages and limited cycling stability. [26] To address these problems, functionalized graphitic nanomaterials ( Figure 1b ) have been used as electrodes to exhibit comparable capacitances to those of metal-based pseudocapacitors, [30, 31] but still follow the robust charging mechanisms of EDLCs, and hence excellent cycling stability.
Metal-Air Batteries
Although LIBs have been widely used in consumer electronics, there is a continuous demand for batteries with higher power and energy densities, and long cycling life. The specific capacity of LIBs is limited by the transitional metal oxide cathode (e.g., the theoretical capacity of LiFePO 4 is ≈170 mAh g −1 ) [32] and graphite anode (≈372 mAh g −1 ) forming an intercalation compound of LiC 6 . [33] In contrast, metal-air batteries (e.g., Li-O 2 and Zn-O 2 batteries) possess an extremely high theoretical energy density by replacing the intercalation reaction mechanism in LIBs with the catalytic redox reaction of a metal-oxygen couple (Figure 1c,d ). [34] [35] [36] Such battery platforms hold promises for large-scale electricity storage.
The sluggish ORR and OER that take place at the air cathode often impede the kinetics of metal-air batteries, limiting the energy density and cycling life. Thus, novel metal-based materials and metal oxide/nitride/carbides have been exploited as bifunctional catalysts for metal-air batteries. [18, 19, 36, 37] However, the high cost of some metals, particularly noble metals, limits their practical application as catalysts in metal-air batteries. Besides, a high content of heavy metals/metal ions in metal-air batteries could decrease the actual gravimetric energy density, cause detrimental effects on the environment, and catalyze a variety of unwanted organic reactions that would degrade the electrolyte. [38] Consequently, intense effort on atomic modulation and structure design of carbons has been devoted to develop affordable, efficient, and durable C-MFCs as air cathodes in various high-performance metal-air batteries. [18, 36, [39] [40] [41] 
Environmental Remediation
Environmental remediation is important for the sustainable growth of human society. In this context, C-MFCs have acted as carbon supports for physical adsorption of heavy metals in polluted water and toxic gases for protecting the environment [42] while they have been widely used as metal-free catalysts to replace noble metals, metal sulfides, and/or metal oxides for converting greenhouse gas (e.g., CO 2 ) into carbon-containing fuels and for decomposing toxic gases/organic pollutants via metal-free photo/ electrocatalysis. Compared to metal-based catalysts, C-MFCs were demonstrated to be efficient not only for CO 2 reduction but also for removal of organics from water via advanced oxidation processes without cross-contamination of heavy metal (ions). [23, 24] 
The Development of C-MFCs
Since the N-doped CNT array as an efficient Pt alternative for ORR was discovered in 2009, [17] C-MFCs doped with various heteroatoms (N, B, S, P, F, etc.) have been reported. [15] Both electron-rich (e.g., N) and electron-deficient (e.g., B) dopants can play critical roles in activating graphitic sp 2 -C for electrocatalytic reactions. [17, 43, 44] Density functional theory (DFT) simulations attributed the electrocatalytic activity of C-MFCs to the doping-induced charge/spin redistribution, leading to the modification of electronic and other properties. [15] Multiple factors, including the electronic structure, [44] the content/ distribution [9] and the type of heteroatom dopant(s), [45] [46] [47] and the conductivity/structure of the carbon matrix, [17, 45, [48] [49] [50] contribute to the high performance and multifunctional properties of the C-MFCs, [51] as illustrated in Figure 2 . Additionally, topological defects (e.g., hexagonal rings are replaced by pentagons and heptagons) or edge defects in the carbon skeleton can induce Gaussian curvatures to alter bond lengths and rehybridize electron orbitals, leading to a desired catalytic activity. [9, 52, 53] For example, the intrinsic defect of an adjacent pentagon and heptagon was identified as the best defect configuration to induce catalytic activities for both ORR and OER, [54] and an edge-rich, oxygen-functionalized graphene derived from carbon fibers by Ar plasma was developed as an effective ORR and OER bifunctional electrocatalyst. [53] Furthermore, the defective graphene materials were derived from N-doped graphene by removing N dopants, [55] offering new pathways to efficient C-MFCs for multifunctional catalysis of the ORR, OER, and HER. Readers who are interested in strategies to C-MFCs with intrinsic defects are referred to several recent review articles. [9, 56] Apart from the chemical vapor deposition and/or oxidationreduction methods mentioned above, [9, 57] carbon nanomaterials with controllable morphology, porosity, microstructure, functionality, and dopants generated from biomass by hydrothermal carbonization (HTC) have also been used as advanced C-MFCs. [42, 58] Examples include carbon aerogels produced from glucose as carbon source and ovalbumin protein as N dopant, which can be further functionalized with S and B to produce N-, NS-, NB-, and NSB-doped porous nanocarbons, [59] N-doped hydrothermal carbon spheres hybridized with both graphene and CNTs via hydrothermal self-assembly, [60, 61] in which the N-rich functionalities provide the active sites while the graphene or CNTs offer the conductivity and the self-assembled porosities ensure facile access of the reactants/electrolytes to the active sites.
C-MFCs for Pseudosupercapacitors
For electrode materials, the introduction of heteroatoms (N, B, P, F, O, and S) into the carbon skeleton could modulate the related electronic work function/bands, thus enhancing charge mobility on the carbon surface, providing the reaction sites, and increasing the surface wettability of the C-MFCs in aqueous solution. [9, 15, 62, 63] The pseudocapacitance arises from the rapid Faradic reaction(s) associated with the heteroatomcontaining functional groups (Figure 3a) , [64] while retaining a high power density for supercapacitors. [65] N-doping is the most intensively investigated one in heteroatom-doping, and pseudocapacitors based on N-doped C-MFCs have shown great potential for achieving a high volumetric capacitance and high energy density, simultaneously. In particular, a supercapacitor electrode comprised of N-doped highly porous nanofibers (N-HPCNFs; Figure 3b ,c) exhibited good electrochemical properties with a remarkable specific capacitance, high energy/ power density, and long cycling stability (>10 000 cycles). [66] Bottleneck-shaped micropores are common in C-MFCs; however, they have less contribution to the external surface, thus usually blocking ion adsorption under high rates ( Figure 3d ). [67] Along with the heteroatom doping, tuning porous electrode structures with suitable pore sizes and/or array structure Reproduced with permission. [48] Copyright 2013, Nature Publishing Group. c) Reproduced with permission. [49] Copyright 2012, Elsevier.
( Figure 3e ) can ensure the supercapacitor performance. [67, 68] In this regard, hierarchical mesoporous carbon superstructures displayed an outstanding rate capability (the capacitance is 226 and 185 F g −1 at the current density of 0.5 and 20 A g −1 , respectively); [69] and the self-aligned carbon nanobelt arrays with a high level of N-doping (16 at%), when used as the electrodes in a symmetrical supercapacitor, delivered a high volumetric capacitance of 645 F cm −3 . [65] These design principles could be demonstrated by more examples of N-doped graphene, [70] N-doped ordered mesoporous carbon nanofiber arrays, [71] hierarchal porous N-doped carbon nanosheets, [72] and biomass-based N-doped porous carbon. [73] In addition to the N-doping, introducing pyridine-like holes into carbon skeleton could also facilitate charge accumulation and enhance the interaction with electrolytes to generate a high pseudocapacitance. Due to the presence of N-doping-induced defects (Figure 3f ), [74] robust redox reactions transformed the inert graphene-like layered carbon into an electrochemically active substance to exhibit high charge/discharge rates and high capacitance of 855 F g −1 .
Compared with single doping, co/multielement doping with N, P, O, F, and B can considerably enhance the capacitance of carbon electrodes as a result of the pseudocapacity associated with multiple dopant-containing functional groups. [75] [76] [77] [78] [79] Reproduced with permission. [64] Copyright 2015, Royal Society of Chemistry. b) TEM and c) HRTEM images of N-HPCNFs. b,c) Reproduced with permission. [66] Copyright 2017, Royal Society of Chemistry. d) Schematic of the ion size and pore size effect on C-MFC electrodes. Reproduced with permission. [67] Copyright 2013, Elsevier. e) Ion diffusion on C-MFCs with different structures. f) The defect in carbon skeleton induced by N incorporation. f) Reproduced with permission. [74] Copyright 2015, American Association for the Advancement of Science. g) SEM image and corresponding element mappings of CM-NFs. Scale bar: 2 µm. h) DFT calculation of the detailed charge distribution on CM-NFs. g,h) Reproduced with permission. [75] Copyright 2015, Nature Publishing Group. i,j) SEM images of CNT@PANI yarn with PANI nanowire arrays. i,j) Reproduced with permission. [83] Copyright 2018, Wiley-VCH. k) Sketch of the fabrication of an FSSC. Reproduced with permission. [85] Copyright 2015, Royal Society of Chemistry. example, N,F-codoped carbon microspheres (CM-NFs) acted as an effective electrode for pseudosupercapicitors ( Figure 3g ), [75] showing superior pseudocapacitance to that of either N or F single doped counterparts. DFT calculations ( Figure 3h ) reveal that doping with F atoms can further modulate the N-dopinginduced charge transfer and reduce the work function of the N-doped carbon microspheres to facilitate electron transfer for redox reactions. As a result, a specific volumetric capacitance of 521 F cm −3 in acid electrolyte was obtained, which outperformed RuO 2 and MnO 2 counterparts. Similarly, B,N-codoped carbon nanosphere frameworks, porous carbon, and hollow carbon spheres with abundant faradaic redox active sites induced by N and O-containing functional groups, and N,Scodoped graphene with high contents of pyrrolic N group and S species, were verified to be good electrodes to improve the capacitance for pseudocapacitors. [76] [77] [78] [79] Furthermore, multiheteroatomic doping could provide a large number of active sites and enhanced electrical properties, ensuring the cathode catalyst own a remarkable pseudocapacitive Li + storage in asymmetric Li + pseudocapacitors. [80] Just like the doping-induced functional groups in C-MFCs, conducting polymers, such as polyaniline (PANI), polypyrrole (PPy), and polythiophene, also exhibit reversible redox reactions for pseudocapacitance during discharge/charge processes. [5, 81] However, conducting polymers suffer from degradation induced by repeatedly charging/discharging. [82] Thus, carbon and conducting polymer hybrid materials have been demonstrated to show synergistic effects that combine advantages of the individual constituent components. Conducting polymers provide superior pseudocapacitance while carbon nanomaterials acting as a framework support the conducting polymers from mechanical strains. [83] So far, various carbon nanomaterials (activated carbon, CNTs, and graphene) have been used to form hybrid structures with conducting polymers (Figure 3e ,i; array structure of PANI is conducive to the electron transfer and ion diffusion). [82] [83] [84] Graphene/conducting polymer hybrids represent one of the most promising high-performance hybrid electrodes with large specific capacitance, high cycling stability, and rate capability. [84] Flexible energy-storage devices are essential to meet the specific needs of lightweight and wearable electronics. Carbon materials play an irreplaceable role in flexible pseudocapacitors and batteries due to their intriguing features, such as large SSA, interconnected pore structures, and robust mechanical properties. In this context, a core-shell CNT-PPy nanocomposite fiber-shaped supercapacitor (FSSC) has been developed ( Figure 3j ). [85] In the FSSC with CNT-PPy electrodes, PPy provided pseudocapacitance in the polyvinyl alcohol (PVA)/H 2 SO 4 gel electrolyte. The capacitance of the CNT-PPy FSSC reached 36 F g −1 , which is 7 times higher than that of the pure CNT FSSC, and exhibited good flexibility under bending, knotting, and tension. [85] A new trend for the development of carbon-based supercapacitors is the use of freestanding electrodes without binder. Carbon-based supercapacitors with freestanding electrodes can be manufactured via 3D printing, [86] ink jet printing, [87] electrospinning, [88] or melt spinning [89] of either graphene/CNT-based materials, [90] lignin precursors, [91] and/or certain conductive polymers, [92] followed by carbonization.
A power-storage device with a high self-discharge (SDC) rate is of little practical use due to the quick loss of stored energy. However, most previous studies have focused on high specific capacitances and neglected the SDC process of pseudocapacitors. [93] For practical applications, however, it is highly desirable to achieve a good energy retention of charged pseudocapacitors. [94] Specifically, the SDC process is deeply affected by electrode/electrolyte configurations. [95] The migration of the electrolyte between two electrodes in pseudocapacitors was demonstrated to be main responsibility for the fast SDC rate. In this case, two strategies were devised to suppress the migration of the electrolyte ions, and thus controlling the SDC rate. This is achieved by using an ion-exchange membrane (e.g., Nafion 117 membrane) as the separator in the pseudocapacitor and employing a special electrolyte (e.g., CuSO 4 ), which is converted into an insoluble species in charge process. [96] When it comes to carbon-based pseudocapacitors, the texture of surface groups on C-MFC electrode directly influences the electrochemical interfacial state of the carbon surface and the SDC characteristics. [97] Carbon with a high concentration of acidic surface functionalities is believed to strongly influence the rate of DSC. For example, the oxygen functional groups, either physically adsorbed molecular oxygen or surface complexes, are prone to exhibiting high rates of SDC. [97] In particular, the oxygen species may serve as active centers for catalyzing the electrochemical oxidation of the carbon or the decomposition of the electrolyte components. [98, 99] Conversely, the removal of oxygen-containing groups by high-temperature in an inert environment results in a lower SDC rate. [98, 100] This phenomenon is of great interest in the choice of C-MFCs to minimize SDC effect, further guiding the design of high-performance pseudocapacitors with both a high capacitance and good energy retention of practical significance.
C-MFCs for Metal-Air Batteries
Apart from the application in supercapacitors, C-MFCs are also critical to rechargeable metal-air batteries. [3] In these batteries, oxygen in the air is the actual cathode reactant; therefore, metalair batteries are also referred as metal-O 2 batteries. Typically, metal-O 2 batteries can be divided into two categories: cells with an aqueous electrolyte (e.g., Zn-O 2 ) and others with an organic electrolyte (e.g., nonaqueous Li/Na/K-O 2 ; Figure 1b ). [36] Electrocatalysts for ORR (discharging) and OER (charging) play a key role in determining the performance of the batteries. [36] As their natural abundance, diverse structures, modulated properties, high conductivity, and high catalytic activity for ORR and OER, C-MFCs have attracted considerable interest to improve cyclability and charge/discharge rates of metal-O 2 batteries.
Nitrogen functional dopants promote the electrochemical kinetics of ORR and OER, as demonstrated on the use of various N-doped C-MFCs as catalysts for Li-O 2 batteries. [18, 101] In this context, N-doped vertically aligned coral-like carbon nanofiber arrays (N-VACCFs; Figure 4a ) proved to be an effective catalyst for a Li-O 2 battery with a low overpotential (0.3 V) that led to a long cycling life (over 150 cycles). [34] The N-doping lowered the charging voltage and minimized the electrolyte decomposition while the structural architecture provided large surface area for www.advmat.de www.advancedsciencenews.com the transport of electrons and Li + . More importantly, the corallike structure with a large space enabled a high uptake of Li 2 O 2 (Figure 4b) , and hence a high energy efficiency of 90% with an almost constant charge overpotential during cycling.
It was demonstrated that quaternary N could provide n-type doping to catalyze ORR while pyridinic N with p-type doping served as an active site for OER ( Figure 4c ). [45] Also, Zn-air batteries based on a 3D graphene nanoribbon network doped with [34] Copyright 2014, American Chemical Society. c) Schematic of ORR and OER occurring on the n-and p-type domains of the NGRW. Reproduced with permission. [45] Copyright 2016, AAAS. d) Schematic representation of the preparation for the NPMC. e) ORR and f) OER volcano plots of overpotential (η) versus adsorption energy of O* and the difference between the adsorption energy of O* and OH* on N-, P-, and N,P-doped graphene. d-f) Reproduced with permission. [18] Copyright 2015, Nature Publishing Group. g) Galvanostatic discharge curves of Zn-air batteries based on cathode catalysts of N-doped carbon with mesopores (meso-PoPD), meso/micropores (meso/micro-PoPD), and Pt/C. Inset: meso-PoPD (left) and meso/micro-PoPD (right). Reproduced with permission. [112] Copyright 2014, Nature Publishing Group. h) Schematic of O 2 /Li 2 O 2 conversion in an ordered hierarchical mesoporous/macroporous carbon sphere arrays. Reproduced with permission. [113] Copyright 2013, Wiley-VCH. i) Discharge voltage under a dynamic bending and releasing process; the speed: 10° s −1 . Inset: The photograph of fiber-shaped Li-air battery. Reproduced with permission. [115] Copyright 2016, Wiley-VCH. j) Schematic of the NCNF-based all-solid-state Zn-air battery and photograph of a blue LED powered by four all-solid-state Zn-air batteries in series. Reproduced with permission. [116] Copyright 2016, Wiley-VCH. www.advmat.de www.advancedsciencenews.com these kinds of N species (NGRW) exhibited significant activities for ORR and OER, [45] leading to a high specific capacity of 873 mAh g −1 and a peak power density of 65 mW cm −2 . Similarly, carbon nanofibers grown on a porous alumina substrate proved to be promising O 2 electrodes in Li-O 2 batteries. [102] These allcarbon-fiber electrodes yield high gravimetric energy density (≈2500 Wh kg −1 ) in Li-O 2 cells, ≈4 times greater than that of the state-of-the-art LiCoO 2 . The high gravimetric energy density was attributed to the low carbon packing in the carbon-fiber electrodes, as well as efficient utilization of the available carbon mass and void volume for Li 2 O 2 formation. Likewise, B-doped graphene were employed as a highly effective air cathode in Li-O 2 batteries. [103] In this particular case, B served as the electron-deficient atom facilitating the diffusion of Li + and the wetting of electrolyte and leading to enhanced ORR and OER kinetics. As expected, N,S-codoped graphene with a high accessible surface area and an enhanced electron/electrolyte conductivity exhibit enhanced bifunctional catalytic activities for the ORR and OER when used as an air cathode, [104] which also showed a high initial discharge capacity and good cycling stability.
Introducing a second heteroatom into N-doped carbons further enhances the electrochemical catalytic activities through modulation of electronic properties and surface properties. [104] [105] [106] For instance, P,S-/N,P-codoped or N,P,F tridoped carbon nanosheets, N,O-codoped carbon nanowebs, and N,S-codoped graphene microwires have been demonstrated to be excellent catalysts for Zn/Li-air batteries. [18, [107] [108] [109] [110] An N, P-codoped mesoporous nanocarbon (NPMC) foam ( Figure 4d ) was reported in 2015 to display excellent bifunctional catalytic activities towards ORR and OER (Figure 4e ,f) and used as one of the earliest metal-free air electrodes for primary and rechargeable Zn-air batteries. It exhibited high energy and power densities as well as long cycling life up to 600 cycles. [18] The primary batteries showed an open-circuit potential of 1.48 V, a specific capacity of 735 mAh g Zn −1
, a peak power density of 55 mW cm −2 , and stable operation for 240 h after mechanical recharging. Similarly, certain P,S-doped carbon nanosheets displayed high catalytic activities, including a very positive onset potential for ORR (0.97 V) as well as low overpotential for OER (0.33 V). [107] Even at 25 mA cm −2 , the C-MFCs exhibited an outstanding cycling stability up to 500 cycles with no obvious decaying for Zn-O 2 batteries, showing superior stability than that of 65 cycles for the Pt/C and RuO 2 counterparts. As can be seen from the above discussion, an ideal air electrode for metal-air batteries should have a highly conductive porous structure to facilitate both electron and oxygen transport with a large SSA to support a large amount of discharge product. [3] The porous properties, especially pore volume and size, play vital roles in regulating the capacity and cycling life of metal-air batteries. [111] In a recent example, N-doped carbon structures with optimized meso/micropores outperformed the Pt-based catalyst as the air electrode in a Zn-air battery (Figure 4g ). [112] Therefore, rational design and construction of porous carbon cathodes with an appropriate pore size distribution and a large volume can effectively improve electrochemical performances for metal-air batteries. Based on these principles, many other porous C-MFCs have been designed and investigated as catalysts in metal-air batteries. In particular, porous carbon sphere arrays with ordered mesoporous and microporous structures show high catalytic activity in Li-O 2 batteries (Figure 4h ). [113] The long-term stability of the C-MFC cathode in the metal-air batteries also strongly depends on the carbon microstructure. In situ differential electrochemical mass spectroscopy analysis revealed that the high-crystalline carbon could show a superior recharging capability with negligible degradation of the electrolyte and/or carbon over the disordered carbon. [114] Just like flexible supercapacitors, flexible metal-air batteries have also been developed in recent years. For example, an allsolid-state high-performance Li-air battery was fabricated with a flexible fiber-shaped air electrode derived from aligned CNT sheet using a gel polymer electrolyte (Figure 4i ). The resultant battery exhibited a discharge capacity of 12 470 mAh g −1 and was stable in air for 100 cycles even under bending. [115] When the N-doped porous carbon nanofiber films (NCNFs, highly activity for simultaneous ORR and OER) were used as the air cathode, flexible all-solid-state rechargeable Zn-air batteries displayed an excellent mechanical and cycling stability with a low overpotential (a discharge and charge voltage of ≈1.0 and ≈1.78 V at 2 mA cm −2 , respectively) as well as a long cycle life (6 h) even under repeated bending conditions. Four of such flexible Zn-air batteries based on the NCNF air cathode were integrated in series to power blue light-emitting diodes (Figure 4j ). [116] Apart from the energy density and cyclability, energy efficiency is another important parameter for evaluating the performance of metal-air batteries. The energy efficiency of these batteries is largely dictated by polarization losses (the potential gap between discharge and charge plateaus) at the air electrode, where the lower potential gap will induce a higher energy efficiency. [117] However, the excessive accumulation of discharge products will induce high polarization when they decompose during charging. [118, 119] To decrease the polarization and improve the energy efficiency of metal-air batteries, a key factor is to find an air cathode with a high catalytic activity to promote the formation and decomposition of discharge products during the charge and discharge processes. [9, 120] Indeed, recent progress in research and development has illustrated that some of the Li/Zn-air batteries based on C-MFC air cathodes have shown narrower potential gaps and higher energy efficiency than those of the batteries with metal-based air cathode. [34, 116] For example, using a unique N-VACCF oxygen electrode (as discussed above), Li-O 2 batteries with a small charge/discharge potential gap of 0.3 V and an energy efficiency as high as 90% were developed. [34] In another similar study, a lower charge/discharge potential gap was observed for the rechargeable Zn-air battery with a C-MFC air cathode (NCNF-1000) compared with its counterpart with a commercial Pt/C air cathode. [116] When cycled at 10 mA cm −2 , the Zn-air battery based on the NCNF-1000 air cathode showed a small voltage gap of 0.73 V and a high round-trip efficiency of 62%. After 500 cycles, the NCNF-1000 air cathode showed a slight increase in the potential gap by 0.13 V, whereas Pt/C exhibited a much higher value of 0.38 V. The obvious performance decay for the Pt/C air cathode is probably due to the subsequent detachment of Pt nanoparticles from the carbon support and possible particle agglomeration, [116] while the C-MFCs with covalent chemical bonds between the carbon base and dopant atoms should have no segregation issue, and hence a superb operational stability. www.advmat.de www.advancedsciencenews.com
Carbon-Based Metal-Free Catalysts for Metal-CO 2 , Metal-N 2 , and Metal-I 2 Batteries
Clean recycling and utilization of CO 2 in metal (Li, Na, Al)-CO 2 batteries with high theoretical specific capacities (2978 mAh g −1 for Al, 3860 mAh g −1 for Li, and 1165 mAh g −1 for Na) are emerging as a "killing two birds with one stone" strategy for clean energy generation and environment remediation. [35, [121] [122] [123] [124] Metal-CO 2 batteries are also of potential interest in the exploration of the planet Mars, which has an atmosphere consisting of 96% CO 2 . Recently, a bifunctional C-MFC composed of B,N-codoped holey graphene (B,N-hG) was developed for rechargeable Li-CO 2 batteries with effectively increased discharge capacity, reduced charge/discharge overpotential, and significantly improved cycle stability in comparison with the same carbon material without doping (Figure 5a) . [35] The rechargeability of a Na-CO 2 battery was demonstrated by reversible reaction of 3CO 2 + 4Na = 2Na 2 CO 3 + C (Figure 5b) . A battery with a rationally designed cathode using tetraethylene glycol dimethyl-treated multiwall CNTs (TEG-MWCNTs) showed a reversible capacity of 60 000 mAh g −1 at 1 A g −1 and ran for 200 cycles with controlled capacity of 2000 mAh g −1 at charge voltage <3.7 V (Figure 5c,d) . [122] The reduced electrochemical polarization of the battery was attributed to the porous structure, high electrical conductivity, and good wettability of electrolyte to the cathode. [122] From DFT calculations (Figure 5e ), the adsorption energy of CO 2 to TEG-MWCNTs (−0.32 eV) is much higher than that of the pristine MWCNTs (−0.17 eV), leading to the observed high catalytic activity. [123] As is well known, the availability of N 2 from atmosphere for the N 2 fixation is nearly limitless. [124] The N 2 is chemically inert and very stable; however, it is a big challenge to artificially fix N 2 at ambient temperature and pressure. As an alternative approach to N 2 fixation, a reversible N 2 cycle based on a reversible reaction of 6Li + N 2 = 2Li 3 N in a rechargeable lithium-nitrogen (Li-N 2 ) battery was reported (Figure 5f,g) .
The assembled N 2 battery system, consisting of a Li anode, electrolyte, and a carbon cloth cathode, showed a promising electrochemical faradic efficiency of 59%, providing not only promising candidates for N 2 fixation but also an advanced N 2 / Li 3 N cycle strategy for next generation of electrochemical energy storage. [124] It is also possible to endow these special Li-air batteries with high theoretical specific capacities and flexible performance. For example, using poly(methacrylate)/poly(ethylene glycol)-LiClO 4 -3 wt% SiO 2 as a solid electrolyte and porous CNTs as an active air cathode, very recently, the first flexible Li-CO 2 battery was constructed. It exhibited a good cycling life up to 100 cycles and a long operation time of 220 h at 55 °C. This cell retained satisfactory cycling performance even under different degrees of bending (Figure 5g ). [125] In addition to the fixation and utilization of gases described above, the redox reactions of iodine play a vital role in Li/Na-I 2 batteries for clean energy storage. Inspired by the excellent electrocatalytic activities induced by C-MFCs for metal-air batteries, some carbon hosts, e.g., nanoporous carbon [126] and vertically aligned CNTs, [127] especially hierarchical porous N, P-codoped carbon matrixes (HPMC-NP) as hosts for I 2 loading in Na/ Li-I 2 batteries (Figure 5h ). [128] Excellent reversible capacities with a good capacity retention were obtained for the Li/Na-I 2 batteries with I 2 -contained HPMC-NP cathodes and pure HPMC-NP anodes, leading to high discharge capacities of 386 and 253 mAh g −1 with good stabilities up to 2000 and 500 cycles for Li-I 2 and Na-I 2 batteries, respectively. [128] 
C-MFCs for Environmental Remediation
Generally speaking, the photo/electrocatalytic degradation reactions catalyzed by C-MFCs for environmental remediation can be categorized into two types: 1) gas phase degradation of pollutants, and 2) liquid phase removal of organic pollutants. As well known, NO is responsible for atmospheric pollutions associated with urban smogs and acid rains, attracting the growing environmental concerns. [129] Photogenerated electrons from g-C 3 N 4 possess a strong reducing capability to degrade various organic pollutants, [130, 131] as schematically shown in Figure 6a . [130] [131] [132] For instance, the photoinduced electrons from g-C 3 N 4 can react with adsorbed O 2 molecules to produce •O 2 − superoxide anion radicals to produce •OH radicals and H + , [133] followed by degradation of organic pollutants through reactions with •OH radicals. [134] Furthermore, Sano and coworkers found that the catalytic activity of g-C 3 N 4 toward NO oxidation/ removal under visible light was proportional to its SSA. [135] On this basis, high-performance g-C 3 N 4 photocatalyst with a honeycomb-like structure with a high SSA was prepared through thermal polymerization of urea in the presence of water. [135, 136] On the other hand, the increased greenhouse gases (CO 2 ) emission has led to various environmental issues, including global warming, sea level rising, and species extinction. [137] Thus, it is of great significance to study the reduction and reuse of CO 2 while the capture and conversion of CO 2 into small mole cule fuels are effective means to minimize atmospheric CO 2 . [9] Since recent progress in the development of C-MFCs for CO 2 reduction was reviewed recently by Wu et al., [138] we will not include detailed discussions on the use of C-MFCs for CO 2 reduction here. Interested readers are referred to ref. [138] and several other review articles published recently. [9, 132, 137, 139] The recent rapid industrial development has caused ever increasing water pollution, especially by soluble organics, such as chlorophenols, phenol, and direct red 23 (Scarlet F-4BS). Thus, it is of paramount importance to develop advanced technologies and materials for the remediation of organic contaminants. Photocatalyst, g-C 3 N 4 has gained continuous interest because of its promising application in the degradation of various organic pollutants (Figure 6a ). However, the bulk g-C 3 N 4 materials often exhibit a low photocatalytic efficiency due to some multiple performance-limiting shortcomings, including a high electron-hole recombination rate, insufficient visible absorption, low SSA, and low charge mobility. [132, 140] Numerous bandgap engineering strategies, such as heteroatom-doping, defective site control, materials dimensionality tuning, pore texture tailoring, heterojunction constructing, cocatalyst coupling, and nanocarbon hybridization, [132] have been developed to address the above concerns, and thus enhance the performance of g-C 3 N 4 photocatalysts. In terms of unique properties of CNTs and graphene, including high SSA and good light absorption, the hybrid formation by coupling CNT/graphene with the light-harvesting g-C 3 N 4 photocatalysts was demonstrated to be a powerful means to improve the adsorption of reactant molecules and visible light, enhancing the electron-storage capacity. Due to their excellent conductivity, CNTs and graphene in the hybrids can behave as a good electron acceptor to obtain photoinduced electrons from g-C 3 N 4 while the intimate interface prevents the recombination of charge carriers, resulting [34] Copyright 2017, Wiley-VCH. b) The structure and mechanism of Na-CO 2 battery with TEG-MWCNT cathode. c) SEM and HRTEM images of TEG-MWCNTs. d) Discharge/charge curves and CV curves of Na-CO 2 batteries at 1 A g −1 . b-d) Reproduced with permission. [122] Copyright 2016, Wiley-VCH. e) The geometries and corresponding adsorption energies of CO 2 on MWCNTs (top) and TEG-MWCNTs (bottom). Reproduced with permission. [123] Copyright 2017, AAAS. f) Schematic of a Li-N 2 battery with carbon cathode. Reproduced with permission. [124] Copyright 2017, Elsevier. g) The bending and twisting properties of all-solid-state Li-CO 2 batteries. Reproduced with permission. [125] Copyright 2017, Wiley-VCH. h) Preparation and the structural feature of HPMC-NP and the loading iodine. Reproduced with permission. [128] Copyright 2017, Nature Publishing Group. www.advmat.de www.advancedsciencenews.com in a high catalytic activity for degradation of organic pollutants (Figure 6b ). The relevant more detailed discussions can be found in recent review papers. [132, 139] Of particular interest, advanced oxidation processes based on persulfate or peroxymonosulfate (PMS) have been considered as effective and economic approaches for decomposing the organic compounds in waste water. [24] However, the low activity of pure persulfate or PMS has limited the degradation rate, and hence catalysts are required. Owing to the low cost, high surface area, abundant functional groups, and nontoxicity, carbon materials, such as graphene oxide, CNTs, and carbon fibers, have been widely used as catalyst to avoid the leaching of toxic metal from metal-based catalysts and the subsequent water contamination. [141] [142] [143] [144] [145] [146] In particular, Tang et al. applied hexagonally-ordered mesoporous carbon (HOMC) to activate persulfate for the degradation of 2,4-dichlorophenol (2,4-DCP) with superior removal rate of 90% in 20 min. [147] Fresh HOMC and the second-used HOMC were able to completely and 98.8% remove 2,4-DCP in 2 h, respectively, demonstrating the good reusability HOMC. The sp 2 -hybridized carbon network with defective edge sites and free-flowing π electrons on the surface could affect the electron configuration of persulfate and weaken the OO bond to form metastable complexes (active state persulfate). Two pathways, radical and nonradical oxidation processes, are involved in the reaction for the decomposition of 2,4-DCP (Figure 6c ). HOMC plays crucial roles as an electron transfer mediator to facilitate the transfer of electrons from pollutants/H 2 O to persulfate. Its catalytic efficiency is highly dependent on the SSA, defective sites and functional groups on the activator. [147] Owing to the excellent biocompatibility, [148] nanodiamonds (NDs) formed by sp 3 -hybridized carbon atoms have been considered as green catalysts for remediation of organic contaminants. [24, [149] [150] [151] [152] In this context, Luo and co-workers tried to disclose the specific active site and corresponding oxidative mechanism for the remediation of organic contaminants with ND-based catalysts by regulating the content of ketonic carbonyl groups. [24] It was found that ketonic carbonyl groups Adv. Mater. 2019, 1806128 [132] Copyright 2016, American Chemical Society. c) Proposed mechanism of persulfate activation on HOMC. Reproduced with permission. [147] Copyright 2018, Elsevier. d) Catalytic degradation comparison of AND/PMS compared with other catalyst systems for 4-CP in the actual water body. Reproduced with permission. [24] Copyright 2018, Elsevier. e) Mechanism of persulfate activation on annealed NDs. Reproduced with permission. [151] Copyright 2016, Elsevier. f) 4-CP removal under various PS activation catalysts, optimized ACS-800 show the best performance among them. g) The degradation of various contaminants on ACS-800. PS: persulfate. f,g) Reproduced with permission. [23] Copyright 2018, Elsevier.
www.advmat.de www.advancedsciencenews.com were the active sites as the reaction rate constants increased with the amount of these functional groups. Reactive oxygen species in the annealed nanodiamonds (AND)@PMS system were singlet oxygen with a high selectivity, which effectively oxidized and mineralized the target contaminants. This singletoxygen-mediated oxidation system outperforms the conventional oxidative processes in remediation of actual wastewater (Figure 6d ). [24] Surface-modified NDs, including oxygen functionalization and N-doping, were verified to be a robust and efficient catalysts for PMS activation for oxidation degradation of water pollutants. [148] It was also found that the annealed NDs with a graphitic shell could show catalytic dissociation of persulfates into sulfate radicals and hydroxyl (Figure 6e ), exhibiting a high efficiency for phenol oxidation (100% yield in 20 min). [151] Furthermore, Guo et al. reported kinds of S-doped carbons to activate persulfate for the removal of 4-chlorophenol (4-CP). [23] As for the S-doped active carbon (ACS-800) catalyst, 100% of 4-CP could be removed in 60 min, showing a significantly higher rate constant than that of S-free activated carbon (Figure 6f ). The S-doped active carbon also exhibited high activities for the degradation of other toxic organic contaminants, including phenol, 2,4-dichlorophenol, 4-acetamidophenol, and sodium methylparaben (Figure 6g ), confirming its general applicability. [23] With a S-doped hierarchical porous carbon catalyst, 58.2% of 4-CP could be removed, which is attributed to the presence of structural defects in the carbon crystal lattice by S-doping. [153] 
Conclusions and Outlook
By tuning doping and manipulating the nano/microstructure, C-MFCs always exhibit simultaneous improvement in electrical conductivity, surface wettability, and electro/chemically active sites. These physicochemical enhancements are advantageous in capacitive/catalytic activity performance by introducing redox reactions at/near the available carbon surface, and the recently developed C-MFCs show great promise as efficient multifunctional catalysts to replace metal catalysts for clean energy technologies, and removing organics from water for environment remediation.
According to the role of different heteroatom-species played, tailored dopants regarding doping types and contents are required to balance the tradeoff between conductivity and porosity, and optimize performance with the matched operation environment, ensuring the active sites of chemical processes is imperative for achieving high performance. However, the complexity of heteroatom dopants and variety of the catalysts' surfaces hinder the efforts to their precise control, and the mole cule/atom level insight into the interplay between active sites and catalytic activity is still a great challenge. In this context, combined research regarding in-depth theoretical and experimental studies should be devoted to elucidating the nature of the active sites, electrochemical catalytic mechanisms, and kinetics of the active sites, providing more valuable guideline for the design of new C-MFCs with low cost and breakthrough activities. We propose that the in situ real-time characterization techniques (e.g., X-ray absorption spectroscopy, scanning tunneling microscopy, Raman spectrometry, and/or atomic force microscopy) should be employed for the determination of active sites.
From a practical point of view, the catalytic performance of C-MFCs still needs to be further improved to meet the requirements. Among the reported strategies, the emerging co/multidoping are promising for considerably improving electrochemical performance due to the synergistic effects induced by co/multidoped heteroatoms. Indeed, co/multidoped C-MFCs have been demonstrated to be useful in Zn-air batteries, self-powered water-splitting systems, and even integrated devices of water splitting with fuel cells. Therefore, investigation on the mechanism of co/multidoped C-MFCs is of particular importance, which introduces substantial challenges, while also simultaneously providing opportunities for researchers to develop new methods for precise control of catalytic activities through active-site modification. This should be the direction of the future development of high-efficiency C-MFCs.
